Measurements with a guillotine psychrometer (H Nonami, JS Boyer [1990] Plant Physiol 94: 1601-1609 indicate that the inhibition of stem growth at low water potentials (low #w) is accompanied by decreases in cell wall extensibility and tissue hydraulic conductance to water that eventually limit growth rate in soybean (Glycine max L. Merr.). To check this conclusion, we measured cell wall properties and cell hydraulic conductivities with independent techniques in soybean seedlings grown and treated the same way, I.e. grown in the dark and exposed to low A,w by transplanting dark grown seedlings to vermiculite of low water content. Wall properties were measured with an extensiometer modified for intact plants, and conductances were measured with a cell pressure probe in intact plants. Theory was developed to relate the wall measurements to those with the psychrometer. In the elongation zone, the plastic deformability of the walls decreased when measured with the extensiometer while growth was inhibited at low 4',,. It increased during a modest growth recovery. This behavior was the same as that for the wall extensibility observed previously with the psychrometer. Tissue that was killed before measurement with the extensiometer also showed a similar response, indicating that changes in wall extensibility represented changes in wall physical properties and not rates of wall biosynthesis. The elastic compliance (reciprocal of bulk elastic modulus) did not change in the elongating or mature tissue. The hydraulic conductivity of cortical cells decreased in the elongating tissue and increased slightly during growth recovery in a response similar to that observed with the psychrometer. We conclude that the plastic properties of the cell walls and the conductance of the cells to water were decreased at low 4,, but that the elastic properties of the walls were of little consequence in this response.
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Cell enlargement is the first physiological process to be affected when the soil water supply begins to be depleted (3). We studied the mechanisms affecting enlargement under these conditions by growing dark-grown seedlings in vermiculite of low water content (see Nonami and Boyer [27] and references cited therein). We showed that stem elongation decreased soon after the exposure to limited water and that the water potential gradient bringing water into the elongating cells was the first growth parameter to decrease to growth-limiting levels. With the exception of a few cells close to the xylem, ' Supported by Department ofEnergy grant DE-FG02-87ER1 3776 and a grant from E. I. duPont de Nemours and Company to J.S.B.
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the turgor remained virtually constant in the elongating cells throughout the measurements (26, 27) . Eventually, cell wall properties were changed at low w especially the wall extensibility and the tissue conductance for water (27) . Subsequently, the gradient reformed but the wall extensibility and hydraulic conductance remained low and ultimately became the main factors limiting growth.
This result indicates that plant metabolism responded to early events in the growth inhibition. Among the metabolic changes that were detected were lower polyribosomal contents (21) , higher abscisic acid contents (2), higher extractable amounts of cell wall proteins (6) and lower rates of wall acidification (35) . Some of the metabolic changes (2, 6, 21) were initiated as the gradient changed and became large when the extensibility and conductance changed. Therefore, the kinetics are consistent with a role for altered metabolism in the response of the walls and membranes.
The changes in wall extensibility and hydraulic conductance (27) were determined from the forces that enlarged the cells, i.e. the water potential (41'), turgor (4'p), and osmotic potential ('Is) measured with a guillotine psychrometer (4).
Because the method is new and the kinetics of the wall and membrane changes are crucial to the hypothesis ofan eventual metabolic control of growth rate, we sought independent methods of measuring wall extensibility and hydraulic conductance directly. To be strictly comparable to the psychrometer experiment, which involved intact plants, the methods also had to use intact plants. No method is presently available for studying wall properties in this way. Therefore, we modified an extensiometer method ( 19, 20) so that it could be used with intact plants, and we used a miniature pressure probe ( 18) to measure cell hydraulic conductivities in intact plants. These measurements are reported here for comparison with those of the psychrometer (27) .
'Abbreviations: 4,, = water potential (MPa); 1,, = turgor (MPa); = osmotic potential (MPa); G = relative enlargement rate (s-'); m = extensibility (s-'. MPa'); Y = yield threshold turgor (MPa); -y = strain (relative change in dimensions, unitless); a = stress (applied force per unit area or pressure, N. m-2 or MPa); E = elastic compliance (m2.* N-' or MPa-', the inverse of Young's modulus ofelasticity); M = plastic deformability (i2-N-'-s-' or s-'.MPa-'); X, Y, Z = lengths in the X, Y, or Z directions (m); F = force (N); A = cross sectional area (m2); V = volume (m3); v = Poisson's ratio (ratio of relative thinning to relative lengthening when material is stretched lengthwise, dimensionless); B = bulk compliance (m2. N' or MPa-', the inverse of the bulk modulus of elasticity e); Lp = hydraulic conductivity for water (m s-'. MPa'); T½ = halftime (s); A, = surface area of cell (m2).
THEORY
To make the comparison for cell walls, it is necessary to relate psychrometer data involving three-dimensional forces within cells and extensiometer data involving one-dimensional forces applied from outside. For simplicity, we consider plant tissues to consist of a continuous viscoelastic polymer (cell walls) containing extremely small compartments (cells) with bounding membranes. Water moves throughout the polymer in the walls and cells. Internal pressures exert forces in three directions inside the cells and, for experimental purposes, force is applied in one direction to the entire tissue.
Physical Properties of Cell Walls
As in Nonami and Boyer (27) 
where Ap is F/A operating in three dimensions (e.g. the turgor) and: the entire apparatus and seedling in a dark box having saturating humidity. Small extensions were also generated in the elongating region after killing the tissue. The zone of elongation of an intact seedling was attached to the transducer as described above and, after growth was steady, liquid dichlorodifluoromethane (Fisher Scientific) was sprayed directly on the zone of elongation for a few seconds, as in Kutschera and Schopfer (19, 20) . Freezing took place immediately and, after thawing, force was applied to the killed tissue in the same way as in the living tissue.
In living and killed tissue, changes in stem diameter were measured with a microscope before, during and after force application to calculate Poisson's ratio.
In one experiment, the epidermis-hypodermis complex was excised from the elongating region and force was applied to the cortex-stele. The excision was done by first removing the apical hook from an elongating seedling, inserting a sharpened-stainless steel capillary (o.d. = 1.47 mm, i.d. = 1.19 mm; Small Parts Inc.) perpendicularly to the cut end along the stem axis for the length of the elongating region, and cutting away the tissue outside of the capillary. Tissue inside the capillary was pushed out with a 1-mm diameter glass rod and immediately coated with petrolatum. The cut end was attached to the transducer and connected to the loading thread with a small clip. After the growth rate of the tissue became stable, although it was extremely low, stress-strain relations were determined as above.
Turgor, Bulk Compliance, and Hydraulic Conductivity
Cell turgor was measured in the cortical cells with a pressure probe as described previously (28) . It was necessary to coat the stems with petrolatum before measurement to prevent local dehydration under the green light used with the pressure probe (28) . The ( 1 1) where V is the cell volume (m3), B is the bulk compliance (MPa-'), A, is the surface area of the cell (m2), and As is the osmotic potential (MPa 
RESULTS
The determination of the elastic and plastic properties of the wall required the length of the zone of elongation to be known with accuracy (Eqs. 5-10). Marking the stem at 5-mm intervals and measuring the length between marks after 3 h showed that the zone lengthened as the stem grew (Fig. 1) . At low 0s, this relationship was unchanged (H. Nonami, J. S.
Boyer, unpublished data, and see Meyer and Boyer [24] ). In the succeeding experiments, the measurements with the transducer and all calculations were made for the length of the elongating zone prevailing at the time, judged from the total stem length.
Elastic Compliance and Plastic Deformability
We tested the effects of applying a one-dimensional force to the stem of an intact soybean seedling that grew during the measurement. Application of an upward force caused extension of the stem, and removal of the force caused contraction of the stem (Fig. 2) . If significant time elapsed, extension was always greater than contraction, as expected if extension contained an elastic component plus a plastic deformation but contraction contained only an elastic component. Thus, the plastic component could be measured from the difference between the extension and the contraction when a period of time had elapsed between them.
We applied various extending forces to a maximum of 0.343N to stems that averaged 1.1 x 10-3 m in radius. This was equivalent to about 0. force was applied to the elongating region at the downward arrow and removed at the upward arrow. Plastic extension was defined as the difference between the total extension (extrapolated at downward arrow) and the elastic contraction (upward arrow). The dashed line having a slope shows the growth rate before force application and, when extrapolated to the time of force application, gives the total extension that occurred in initial 3 to 6 min after force was applied (in this case 3.2 min). Inset: repeatability of total, plastic, and elastic extension dunng repetitive force application (0.196N) and removal from the same elongating region.
son's ratio v = -(dY/Y)/(dZ/Z) = -(-0.002/1)/(0.0048/1) = 0.42 ± 0.02 (95% confidence interval) for the living tissue, which was close enough to 0.5 that any nonideal elastic behavior was ignored.
The lengthwise changes required about 3 to 6 min to achieve a new steady slope after the force was applied (Fig.  2) . Initially, the growth rate was not markedly different from that before the stress was applied but if the force was maintained for longer than about 10 min, the elongation rate accelerated (e.g., see initial part of Fig. SA) , suggesting that the cells were acclimating to the new stress. To avoid possible changes in wall properties, the measurements were completed in the initial 3 to 6 min. We defined the plastic component of the total extension to be the amount of length increase between the time immediately after force application (immediately after elastic extension) and the time to reach a new steady rate (Fig. 2) . The endogenous growth rate was eliminated from the measurement by extrapolating to the time of force application a line having the same slope as before the force application (as in Fig. 2) . Elastic extension was defined as the length of contraction within 30 s after removal of the force (Fig. 2) . Because the growth of the plant resumed within 1 to 3 min after the force was removed (Fig. 2) , stress relaxation was very rapid in intact plants, confirming earlier observations (4, 23) .
Stress extension and relaxation could be repeated in the same plant without change (inset, Fig. 2 ). Because the tissue was growing, cell turgor maintained the stress above the yield threshold. Therefore, when various forces were applied to the same tissue (Fig. 3A) , the stress-strain relations were linear for both the elastic and plastic components (Fig. 3, B-D) and there was no evidence ofa yield threshold, i.e., the relationship for the plastic component extrapolated to zero when the added stress was zero. In the elongating region of rapidly growing stems, the plastic component was larger than the elastic component (Fig. 3B) . In stems growing slowly because of exposure of the plants to low 41w, the plastic component was smaller than the elastic component (Fig. 3C) . The elastic component was unaffected by the growth inhibition (cf Fig.   3 , B and C). In the mature region, the elastic component was small and there was no plastic component (Fig. 3D ).
An average plastic deformability could be obtained from plots like Figure 3 by determining the slope ofthe stress-strain relations (dZ/Z)/(F/A) and dividing by the average time to reach the new steady state (l/dt) according to Equation 9: (1/ dt)(dZ/Z)/(F/A) = M. When we used this approach to follow changes in the plastic deformability of seedlings exposed to low 41,, the deformability remained high in the controls but decreased during exposure of the seedlings to low it, then increased to an intermediate level (Fig. 4A) . The initial decrease was apparent by 5 h after transplanting. These changes took place at about the same time as the extensibility changes measured in the guillotine psychrometer (27) and were numerically similar (27) , confirming that the plastic deformability was equal to the wall extensibility. In the mature tissue, the plastic deformability was zero (Fig. 4C ).
An average elastic compliance E was measured similarly from the slopes of the stress-strain relations according to Equation 5: (dZ/Z)/(F/A) = E. The compliance was the same in the controls and treated plants (Fig. 4B ). In the mature zone, the compliance of growth-inhibited plants increased slightly over the control (Fig. 4D) . We explored the contribution of cell wall biosynthesis to wall extensibility by repeating these measurements in tissue killed by freezing and thawing. The frozen-thawed tissue was considerably shorter than the same tissue when alive, and it lengthened and narrowed an average 1.045x and 0.973x, respectively, relative to the unstressed dimensions when a force of 0.343N was applied (Fig. 5 ). This gave a Poisson's ratio of 0.60 ± 0.04 (95% confidence interval), which is outside the theoretical range for elastic materials. However, we noted that cell solution sometimes leaked out and appeared on the stem surface when the force was applied, which could lead to nonideal behavior. This was not observed in the living tissue. Because the frozen/thawed tissue behaved ideally in every other way, we assumed that the superposition principle continued to hold.
The elastic extension and narrowing of the stem were rapidly reversible and repeatable in each frozen-thawed plant (Fig. 5, A and C) . However, plastic deformation was observed mostly during the first extension after freeze-thawing (Fig. 5,  A and B) . Therefore, different seedlings were used for each force application to construct stress-strain relations as in Figure 3 (Fig. 7A) did not change when the seedlings were exposed to low {w, confirming the similar behavior of the elastic compliance at the tissue level (Fig. 4B) . The turgor was about 0.45 MPa and constant (Fig.  7B) in agreement with the psychrometer results (26, 27) . In the mature region, the compliance increased immediately after the plant was transplanted to 1/8x vermiculite ( (Fig. 8A) . This behavior at the cellular level is similar to that at the tissue level measured with the psychrometer (27) although the numerical values differ. In the mature region, the hydraulic conductivity showed the inverse pattern, increasing initially and decreasing gradually afterward (Fig. 8B ).
DISCUSSION
In a companion study (27) , we determined the wall extensibility and hydraulic conductance of soybean stems using psychrometer measurements of tissue water status and observed that these parameters decreased a few hours after the intact plants were exposed to a root medium having low water content. In the present work, we show that the extensibility change can be detected with a simple unidirectional pull on the stem of the intact plant using an extensiometer and that the conductance change can be detected in individual cells of similarly intact plants with a pressure probe. The kinetics of the changes were similar with all the methods, and each showed the same moderate recovery at the end of the experiment. These results support the conclusion (27) that wall extensibility and tissue conductance decreased at low^lK and eventually regulated growth when water supplies were limited. The effects were not immediate because the primary events appeared to be physical, and biochemical alterations followed. Eventually, most of the physical changes recovered and only the extensibility and conductance remained low enough to be regulating.
It is important to note that the extensibilities were virtually the same when measured with the psychrometer (Fig. 6C in Nonami and Boyer [27] ) and extensiometer (Fig. 4A) The method required the length of the elongating region to be known. Although Paolillo (29) claimed that the region shortened at low 4Pw, we observed no evidence of this effect (24) . The reasons for this discrepancy are unknown, although (27) .
Although the relative changes in conductance were similar at the tissue and cell levels, the numerical values for tissue conductance (Fig. 6B of Nonami and Boyer [27] ) and cell conductivity (Fig. 8A ) differed because of the influence of tissue geometry and cell types. It is possible to predict tissue characteristics from cell data when geometrical features of the tissue are taken into account (25, (31) (32) (33) , but this was not done in the present work because cell properties were measured only in the cortical cells and did not include the small noncortical cells enclosing the xylem that could have restricted water flow (see Steudle and Boyer [33] , for photomicrograph of this tissue). Others ( 12, 13) observed hydraulic conductivities similar to those we report, but Cosgrove and Cleland ( 12) extrapolated these values to those for the entire stem which may be incorrect. It was recently reported (26) that turgor could be lost transiently in undifferentiated small cells next to the xylem without transmission to the cortical cells. This implies that water flow in the tissue was more restricted than would be indicated from measurements in cortical cells alone. The conductivity changes in the elongating tissues did not involve changes in cell wall elasticity, which was constant after transplanting even though marked changes in conductivity had taken place. Moreover, the bulk compliance did not differ appreciably between elongating and mature tissue unless the turgor differed. This is further evidence that the elastic and plastic properties were independent of each other and that the superposition principle holds for cell walls.
We conclude that the plastic properties of cell walls and the conductivities of cell membranes were changed in elongating stem tissues when plants were exposed to growth-inhibiting 46, around the roots for several hours, but the elastic properties of the walls were independent of these changes. The results indicate that the psychrometer, extensiometer, and pressure probe give similar results and are useful methods for monitoring these parameters in intact plants. ACKNOWLEDGMENT We are indebted to Dr. Paul R. Austin for stimulating our interest in polymer physics. 
